Bacterial surface layers (S-layers) are extracellular protein networks that act as molecular sieves and protect a large variety of archaea and bacteria from hostile environments. Atomic force microscopy (AFM) was used to asses the S-layer of Corynebacterium glutamicum formed of PS2 proteins that assemble into hexameric complexes within a hexagonal lattice. Native and trypsin-treated S-layers were studied. Using the AFM stylus as a nanodissector, native arrays that adsorbed to mica as double layers were separated. All surfaces of native and proteasedigested S-layers were imaged at better than 1 nm lateral resolution. Difference maps of the topographies of native and proteolysed samples revealed the location of the cleaved C-terminal fragment and the sidedness of the S-layer. Because the corrugation depths determined from images of both sides span the total thickness of the S-layer, a three-dimensional reconstruction of the S-layer could be calculated. Lattice defects visualized at 1 nm resolution revealed the molecular boundaries of PS2 proteins. The combination of AFM imaging and single molecule force spectroscopy allowed the mechanical properties of the Corynebacterium glutamicum S-layer to be examined. The results provide a basis for understanding the amazing stability of this protective bacterial surface coat.
Introduction
Surface layers (S-layers) represent the outermost cell wall layer of many Bacteria and Archaea (Baumeister et al., 1989; Sleytr et al., 1993; Sleytr, 1997; Engelhardt and Peters, 1998) , and are regular two-dimensional protein networks (Baumeister et al., 1988) . These layers withstand non-physiological pH, radiation, temperature, proteolysis, pressure and detergent treatment Chami et al., 1997; Engelhardt and Peters, 1998) , thus protecting the cell from such hostile factors. Moreover, they serve as molecular sieves as well as in phage recognition Smith and Agre, 1991; Sleytr et al., 1993; 1997; Wang et al., 1993) .
PS2 is the protein that forms the S-layer of Corynebacterium glutamicum (Peyret et al., 1993; Bahl et al., 1997; Chami et al., 1997) . The layer was shown to be stable in 3% SDS at temperatures up to 60∞C . Using SDS-PAGE, the native monomer reveals an apparent molecular weight (MW) of 63 kDa . The C-terminus of the protein contains a stretch of 21 hydrophobic amino acids. Proteolysis of the S-layer removed the C-terminus, resulting in a protein with an apparent MW of 56 kDa and leading to detachment of the S-layer from the cell. In agreement, bacteria expressing the shortened PS2 protein could not assemble the S-layer, but released the protein into the medium , indicating that the C-terminus functions in S-layer/cell wall attachment.
Atomic force microscopy (AFM; Binnig et al., 1986 ) has become a powerful tool for observing proteins in their native environment . AFM is capable of imaging protein surfaces at subnanometre resolution in their native environment (Schabert et al., 1995; Czajkowsky and Shao, 1998; Scheuring et al., 1999; Seelert et al., 2000) . A combination of AFM imaging and proteolysis experiments allows protein domain positions and sidedness to be assigned (Scheuring et al., 1999; Fotiadis et al., 2000) . Furthermore, the AFM tip was used to measure the forces involved in unfolding single proteins (Rief et al., 1997; Oberhauser et al., 1998) . Recently, imaging and single molecule force spectroscopy have been combined (Müller et al., 1999a; Oesterhelt et al., 2000) .
We have used AFM to investigate the S-layer of C. glutamicum. Native and trypsin-treated samples were tightly adsorbed to the mica AFM support and imaged under native conditions. The adsorption behaviour of the two samples differs strikingly, indicating that one surface of the native S-layer is not hydrophilic and tends to stack. The AFM tip was used to dissect such double-layered assemblies (Hoh et al., 1991; Schabert et al., 1995; Fotiadis et al., 2000) . High-resolution topographs (ª 1.0 nm) revealed two different surface types, one flower shaped and one triangular. The S-layer was found to have a thickness of 4.6 nm for the native and 4.1 nm for the proteolysed sample, both with unit cell dimensions of a = b = 16 nm, g = 60∞. Section analysis of images recorded with a very sharp AFM tip showed that the height information from both surfaces spanned the total height Native S-layer Digested S-layer Unit cell dimensions a = b = 16.0 ± 0.2 nm a = b = 16.0 ± 0.2 nm (n = 10) (n = 10) g = 60 ± 1∞ (n = 10) g = 60 ± 1∞ (n = 10) Layer thickness 4.6 ± 0.1 nm (n = 20) 4.1 ± 0.1 nm (n = 20) a. Diffraction spots are found corresponding to higher resolution (see Fig. 3 ). A. Deflection image of a double-stacked S-layer. The smooth surface (bottom left, labelled 1) is the mica AFM support. The surface with triangular appearance is exposed to the tip (labelled 2). The flower-shaped surface can only be seen on the edges of the patch (scale bar = 100 nm; full grey scale: 1 nm). B. Deflection image of the same region imaged 5 min later. The top layer (triangular appearance) has been partially scratched to expose the flower-shaped surface underneath (labelled 3) (scale bar = 100 nm; full grey scale: 1 nm). C. The scratching of the top layer (top of the image) can be conducted in a controlled manner by applying ª 600 pN (bottom of the image). Insets show averages of the top and bottom part of the image. Circles indicate the stacking contact regions (i.e. the hexameric cores) between the two layers (scale bar = 50 nm; full grey scale: 5 nm).
of the S-layer; hence, the reconstruction of a threedimensional model from AFM topographs was possible for the first time. Thus, imaging of defects allowed the molecular organization of the protein network to be revealed. Force spectroscopic measurements provided information about the mechanical properties of the S-layer and reflect the molecular architecture of the assembly.
Results

Atomic force microscopy imaging
Native and trypsin-treated S-layers of C. glutamicum were imaged by AFM in physiological buffer. The proteolytic treatment removed an ª 8 kDa fragment of the Cterminus, changing the apparent MW of the monomer from ª 64 kDa to ª 56 kDa . Both forms, the native and digested S-layer, adsorbed tightly to mica and were imaged after washing in 10 mM Tris-HCl, pH 7.5, 250 mM KCl. The thickness of the S-layers was determined from medium magnification images (ª 500 nm ¥ ª 500 nm scan area) to 4.6 ± 0.1 nm (n = 20) and 4.1 ± 0.1 nm (n = 20) for the native and digested samples (Table 1) . Native S-layers adsorbed to the mica surface as double or multilayers (Fig. 1 , Table 1 ). They exposed a surface with a triangular appearance when imaged at forces applied to the AFM tip of ª 100 pN (Fig. 1A) . Scanning the same area with a force of ª 600 pN applied to the stylus removed the top layer in a controlled manner (Fig. 1B) . The layer underneath exposed a strikingly different flower-shaped surface structure (Fig. 1B) . Topographs of dissection border regions recorded at higher magnification revealed that the layers stacked with their sixfold symmetry centres in register (Fig. 1C) . In contrast to the native layers, the digested S-layers adsorbed mainly to the mica surface as single layers in random orientation exposing each surface with equal probability (Fig. 2A) . Section analysis on the flowershaped surface displayed on the left part of the image ( Fig. 2A , lines 1 and 2; Table 1) revealed strong indentations of 3.0 nm (Fig. 2B, sections 1 and 2 ). The triangular surface on the right part of the image ( Fig. 2A , lines 3 and 4) is less corrugated, 2.0 nm (Fig. 2B , sections 3 and 4; Table 1 ).
High-resolution AFM topographs (Fig. 3) revealed the native and digested S-layer to have unit cell dimensions of a = b = 16.0 nm ± 0.2 nm and g = 60 ± 1∞ (Table 1) . Both surfaces of the native sample, the flower-shaped ( Fig. 3A and E) and the triangular (Fig. 3H and L), could be imaged at a lateral resolution better than 1 nm, as judged from calculated diffraction patterns ( Fig. 3B and I) . Images of the flower-shaped ( Fig. 3C and F) and the triangular ( Fig. 3J and M) surfaces of the digested sample also diffracted better than 1 nm resolution ( Fig. 3D and K) . In order to locate the cleaved hydrophobic C-terminus , difference maps were calculated between corresponding surfaces of the native and the protease-treated samples. The difference maps revealed a well-defined density on the flower-shaped surface ( Fig. 3G ) and only minor differences on the triangular surface (Fig. 3N ). This is in agreement with the observations that (i) the native sample stacks into double layers with their flower-shaped surfaces interacting ( surface does not adsorb to the hydrophilic mica ( Fig. 1 , Table 1 ); (iii) the digested sample adsorbs with both surfaces equally to the hydrophilic mica surface (Fig. 2) ; and (iv) the digested sample has a reduced layer thickness of 0.5 nm (Table 1) . A maximal density difference (£ 1.0 nm) is found close to the sixfold symmetry centre of the flowershaped surface corresponding to a ring-shaped structure ( Fig. 3E) , whereas the density differences on the triangular surface are widely distributed with values £ 0.4 nm (Fig. 3J ). According to the arguments above, the exposed hydrophobic flower-shaped surface (Fig. 3A ) thus faces the cell wall and is probably buried into the cell wall lipid molecules .
The strong surface corrugation of 3.5 nm observed on the flower-shaped surface and 2.0 nm on the triangular surface of the native sample and, correspondingly, 3.0 nm and 2.0 nm of the digested sample, span the total layer thickness of 4.6 nm and 4.1 nm (Fig. 2B, Table 1 ). Hence, a three-dimensional reconstruction of the layer could be calculated (Fig. 4C) .
Imaging single molecule defects viewed from both sides ( Fig. 4A and B ) allowed us to delineate the molecular boundaries of the S-layer units (Fig. 4C) . The monomers of each hexameric core extend outwards to form triangular connections between neighbouring cores. Within these triangles, three monomers from three neighbouring cores form arm-over-arm protein-protein contacts (Fig. 4C) .
Atomic force microscopy force spectroscopy
The flower-shaped, hydrophobic inner surface of the native S-layer adhered to the AFM tip and promoted assessment of the mechanical stability of the protein layer network using the AFM tip by unzipping single molecules (Müller et al., 1999a) . A large number of force-distance curves were acquired, classified and evaluated using a new force curve classification procedure (see Experimental procedures) . Different types of force-distance curves were observed (Fig. 5) . In general, the force curves acquired on the flower-shaped inner surface of the native S-layer reveal a repulsive interaction with a standard deviation below 10 pN (n = 53) (Fig. 5A) . However, attractive interactions between the AFM tip and the protein network, as shown in Fig. 5B with an adhesion peak of 70 ± 25 pN (n = 30), occurred in ª 5% of the tip sample approaches. Furthermore, three different types of force-distance curves were reproducibly acquired with one, two or three strong rupture peaks of 250 ± 60 pN (n = 33), 280 ± 40 pN (n = 21) and 260 ± 60 pN (n = 12) with periodicity of 21 nm (Fig. 5, Table 2 ). These strong rupture peaks are interspersed by faint peaks of 80 ± 35 pN (n = 35), 70 ± 25 pN (n = 21) and 60 ± 25 pN (n = 12), also with a periodicity of 21 nm, 12 nm before each strong rupture peak (indicated by the arrows in Figs 5 and 6, Table 2 ; see also Fig. 7) . The three types of forcedistance curves also feature an ill-defined peak of 70 ± 40 pN (n = 35) close to the lift-off point (indicated by the asterisks in Figs 5 and 6) .
The concomitant removal of subunits from the S-layer ensemble was documented by AFM imaging before and after force curve acquisition ( Fig. 6 ; see Experimental procedures). The control topographs of the same regions acquired after the force measurements show that subunits were removed in pairs up to a complete hexamer, compatible with the simultaneously acquired force curves (Fig. 6) . A model is proposed to explain this dimer-like unzipping behaviour of the hexameric cores of the of C. glutamicum S-layer (Fig. 7, see Discussion) .
Discussion
The S-layer of C. glutamicum is a hexagonal protein array with extraordinary properties that indicate its protective function (Chami et al., 1995) . Among the wide variety of S-layers described (Sleytr and Messner, 1983; Baumeister et al., 1988; Engelhardt and Peters, 1998) , the well-characterized hexagonal packed intermediate (HPI) layer of Deinococcus radiodurans exhibits most striking similarities, although the two species are located on different branches of the phylogenetic tree. Similar to the HPI layer Karrasch et al., 1994; Müller et al., 1996) , the native S-layers of C. A. Defect of two monomers viewed from the inner flower-shaped surface. The defects allow us to identify unambiguously which arm between the hexameric symmetry centre corresponds to which monomer (scale bar = 5 nm; full grey scale: 3.5 nm). B. Monomer defects viewed from the outer triangular-shaped surface leaving one arm of a triangle exposed alone (scale bar = 5 nm; full grey scale: 2.0 nm). C. Three-dimensional reconstruction viewed from the outer surface. Two units are shaded, and putative monomer boundaries are outlined indicating the arm-over-arm connectivity of the protein S-layer network (scale bars = 5 nm). Circles in (A) and (B) mark differences between native cores and cores exposing molecular defects.
glutamicum adsorb to mica in physiological buffer (Müller et al., 1997) , stack into oppositely oriented double layers and adsorb with only one surface to hydrophilic mica ( Fig. 1 ). This suggests one of the two surfaces to be hydrophobic, compatible with its interaction with the outer membrane in the case of D. radiodurans and with the complex lipid-containing cell envelope in the case of C. glutamicum Puech et al., 2001) . In particular, we show that the C-terminal domain forms an exposed hydrophobic ring structure about the sixfold symmetry axis that mediates anchoring and might form a pore (Fig. 3) , in agreement with the definition of S-layer pores (Engelhardt and Peters, 1998) . Both S-layers show a hexagonal packing of the monomers with similar lattice dimensions [HPI: 18 nm ; C. glutamicum S-layer: 16 nm; this work], but differ in their thickness, 7.0 nm for the HPI layer (Engel et al., 1982; Müller et al., 1996) and 4.6 nm for the C. glutamicum S-layer (this work). These differences are compatible with the different MWs of the units of 104 kDa (D. radiodurans; Peters and Baumeister, 1986) and 50 kDa (C. glutamicum; Chami et al., 1997) . The large unit cell dimension and the relatively loose packing of the S-layer units within the protein network allowed sharp AFM tips to penetrate between proteins almost down to the mica surface (Fig. 2B, line 1) . The surface corrugation of both sides was determined to 3.5 nm and 2.0 nm. Because the sum, 5.5 nm, is larger than the total thickness of 4.6 nm of the native S-layer, the available height information allowed a three-dimensional model of the S-layer to be calculated (Fig. 4C) . Lattice defects imaged at subnanometre resolution revealed the molecular boundaries and thus the interaction between the S-layer units. Monomers form hexameric cores, which interact with their arms with two other units each.
To acquire high-resolution topographs the tip sample interaction was minimized by electrostatic balancing (Müller et al., 1999b) . In contrast, the tip was pressed onto the sample with 500-800 pN to achieve strong adhesion of the hydrophobic C-terminus (Müller et al., 1999a) . Five types of force-distance curves were reproducibly acquired on the inner surface of the native S-layer (Fig. 5) . Imaging before and after force-distance curve acquisition allowed us to correlate force spectroscopic measurements with changes of surface topography. Curves with strong rupture events (Figs 5C-E and 6C, F and I) document the unzipping of protein and their removal from the S-layer assembly (Fig. 6A, B, D C. Average of seven representatives out of a cluster of 12 force-distance curves with one strong rupture peak. D. Average of four representatives out of a cluster of nine force-distance curves with two strong rupture peaks. E. Average of five representatives out of a cluster of 12 force-distance curves with three strong rupture peaks. All average force-distance curves are cantilever deflection corrected. SD values at each point are displayed as a grey shadow on both sides of the curve. The rupture curves were fitted using the WLC model. Fig. 5 ; Experimental procedures). b. Measured from the end of protomer 1-6 breaking force peak. rupture event, a single scan at low magnification and thus high scan speed ensured acceptable image quality and the correct position of the subsequent high-magnification scan (see Experimental procedures). Rupture events indicated by the force-distance curve were always confirmed by the missing subunits in post-zipping high-resolution topographs. Interestingly, the unzipping of a total hexameric core reveals three major rupture peaks (ª 270 pN) interspersed by three faint peaks (ª 70 pN). This is in contrast to the six rupture peaks (ª 300 pN) measured for the removal of one hexameric core of the S-layers of D. radiodurans. This striking difference in the force curves reflects the different packing arrangements of the two hexagonal protein lattices. Although D. radiodurans HPI-layer proteins assemble into hexameric cores with each protein making one additional connection with one protomer of another core, the C. glutamicum S-layer proteins form hexameric cores with each protein being connected to two protomers from two other cores (Fig. 7) . Saxton and Baumeister (1986) have established a classification scheme considering the assembly of S-layer proteins into massive cores (M) and connecting structures (C). Accordingly, D. radiodurans features an M 6 C 2 layer and C. glutamicum an M 6 C 3 layer. The six almost equal force peaks observed upon unzipping the HPI layer are explained by strong interaction forces between subunits within the core and weaker forces (i.e. 300 pN) between slender arms interacting at C2 sites (Müller et al., 1999a) . Hence, each peak documents the rupture of a single bond between the core being unzipped and one of its six adjacent cores. In contrast, in the M 6 C 3 protein assembly of the C. glutami- A. Image before and after (B) unzipping of two protomers out of a hexameric core. C. Force-distance curve corresponding to the change in the surface structure as shown in (A) and (B). D. Image before and after (E) unzipping of four protomers out of a hexameric core. F. Force-distance curve corresponding to the change in the surface structure as shown in (D) and (E). G. Image before and after (H) unzipping of a full hexameric core. I. Force-distance curve corresponding to the change in the surface structure as shown in (G) and (H). All images have dimensions of 100 nm square; asterisks indicate lattice defects, which allow alignment of the sets of two images. Circles in the force-distance curves indicate the zero-force baseline; the diamonds indicate the putative lift-off point; and the squares indicate the last rupture peak used for force-distance curve alignment (see Experimental procedures). Arrows indicate the faint rupture peaks of the oddnumbered protomers, and the asterisks the odd defined breaking rupture between protomer 1 and 6 (see Discussion). The central hexameric core (A) is circularly numbered with an arbitrary beginning, displaying a putative unzipping sequence. The dimer-like unzipping behaviour is explained by the M 6 C 3 packing . Subunits 1 and 2 can act co-operatively with two subunits (shaded grid pattern) of the core (B). Units 3 and 4 are not connected with (B), but have cooperative interaction with two units of core (C), 5 and 6 with (D).
, E, G and H). After each
In case unzipping starts with unit 2 cores, (X) (Y), and (Z) are responsible for the dimer-like behaviour. The asterisks represent the breaking region between units (6) and (1) at the beginning of the unzipping.
cum S-layer (Fig. 7) , unit (1) of core (A) is connected to one unit of core (B), while unit (2) of (A) is also connected with (B), but in a different conformation. Assuming that the tip is firmly attached to unit (A1), the withdrawal forces will first destabilize core (B) and, as (A2) is also connected to this core, (A1) and (A2) exhibit co-operativity, as documented by force curves with a small and a large peak. This process may be repeated until a complete hexamer is removed, explaining the dimer-like unzipping behaviour of the M 6 C 3 protein assembly. Because the surface topographies are not compatible with a threefold symmetry of the core unit [root mean square (RMS) deviation from sixfold symmetry <2%], co-operativity between adjacent monomers resulting from interactions at the C 3 centres is the best interpretation of the force spectra observed. To prove this hypothesis, atomic scale structural information is required. Force peaks of this magnitude are found only among the most strongly interacting biomolecules. To rupture the bond between avidin and biotin, a force of 160 pN is required (Florin et al., 1994) . Likewise, the most strongly interacting antibody-epitope pairs reported yield rupture forces of 60 pN (Dammer et al., 1996) and 244 pN (Hinterdorfer et al., 1996) . That similar forces are required to unzip the HPI layer or the C. glutamicum S-layer document the extraordinary stability of these protein networks that protect microorganisms from a hostile environment.
Experimental procedures
Sample preparation
The native S-layer from of C. glutamicum was extracted from whole cells using 1% SDS at room temperature. Digested S-layers were prepared by the addition of 5 mg of trypsin per 1 ml of bacterial culture. Subsequently, cells were sedimented at 3000 g. S-layer fragments were pelleted by centrifugation at 16 000 g and washed three times with buffer (20 mM TrisHCl, pH 7.5) (for more details, see Chami et al., 1995; 1997) .
Atomic force microscope set-up
Imaging of native and protease-treated S-layers and force spectroscopy were performed with a commercial Nanoscope III AFM (Digital Instruments) equipped with a 162 mm scanner (J-scanner) and oxide-sharpened Si 3 N 4 cantilevers with a length of 100 mm (k = 0.09 N m -1 ; Olympus).
Atomic force microscopy imaging
Mica prepared as described by Schabert and Engel (1994) was used as support and freshly cleaved before every experiment using Scotch tape. To check the cleavage quality, the mica was imaged in 30-50 ml of adsorption buffer (10 mM Tris-HCl, pH 7.5, 250 mM KCl, 50 mM MgCl 2 ). Subsequently, 2 ml of S-layer solution (0.1 mg ml -1 ) was injected into the adsorption buffer drop on the mica surface. After 30 min, the sample was rinsed with 10 volumes of recording buffer (10 mM Tris-HCl, pH 7.5, 250 mM KCl). The AFM was operated in contact mode applying forces below ª 100 pN at a scan line frequency of 4-6 Hz. The sharpest tips adequate for high-resolution imaging were cleaned in 1% SDS and subsequently washed three times in distilled water.
AFM image processing
AFM images of S-layers were processed by correlation averaging using the SEMPER image processing system (Saxton et al., 1979) . The three-dimensional reconstruction was calculated from high-resolution topography averages in the SPIDER software package (Frank et al., 1996) and displayed with POVRAY (www.povray.org).
Atomic force microscopy force spectroscopy
Force spectroscopy measurements were conducted under imaging conditions with the AFM set-up described above. The tip was placed onto the flower-shaped inner surface of the native S-layer. A full frame image (512 ¥ 512 pixels; scan area ª 200 nm) was taken before and after force spectroscopy measurement to correlate measured force-distance curves with structural changes on the S-layer surface. In case the tip was contaminated by an unzipped protomer, an intermediate low-magnification scan at high scan speed was performed to decontaminate the tip and reposition the imaging area. The AFM stylus was approached to and retracted from the inner S-layer surface with a speed of 200 nm s -1
. Contact forces between tip and surface to allow efficient adhesion of PS2 molecules were typically 500-800 pN. After successful removal of S-layer protomers, the interaction area was changed. All measurements were conducted at 25∞C.
AFM force spectroscopy analysis
AFM force curves were transferred to the SEMPER image processing system (Saxton et al., 1979) including all parameters required to process the curves quantitatively (piezo, photodiode and cantilever characteristics). Force-distance curves were aligned and classified automatically. In a first step, the no-contact area (average over 100 points) far away from the surface was used to align all curves to the zero-force baseline (indicated by the circles in Fig. 6C, F and I) . The lift-off point from the surface in the force-distance curve was defined as the crossing point of the leftmost part of the force curve (i.e. the contact region) and the baseline (indicated by the diamonds in Fig. 6C, F and I ). Rupture maxima of the force curves and their position were determined and used to classify force-distance curves by the number of peaks found and the distance of the last peak from the lift-off point (indicated by the squares in Fig. 6C, F and I) . In this way, up to 30 force curve clusters were assembled and scrutinized to remove curves exhibiting artifacts. SEMPER routines were then used to calculate force-distance curve averages after alignment by cross-correlation, leading to an average and a standard deviation value for each point along the force curve (Fig. 5) . Force curves were corrected for cantilever deflection at each point and fitted using the worm-like chain ( is the force at extension x; k is the Boltzmann constant; b = 0.4 nm is the persistence length; contour length L of the polypeptide chain; and T is 298 (K) (Bustamante et al., 1994) . Force-distance curves were never compressed or stretched during the classification and averaging process.
